The deformation and failure of Cu and Cu/Ni film/substrate structure were studied by the scanning electron microscope (SEM) in situ observation under three-point bending. It was found that the rapid deformation occurred at sites near to the interface of film/substrate in Cu and Cu/Ni films. The transferring of deformation finally caused the surface wrinkle. The wrinkle stress can be expressed as
Introduction
As important components in ultra-large-scale integrated circuits (ULSI) 1, 2) and microelectromechanical systems (MEMS), [3] [4] [5] [6] metallic films contribute a lot to the transmission, interconnection, radiating, screening, etc., and hence significantly affected the performance and the reliability of integrated devices. With size of components in devices decreasing to micron, sub-micron, or even nanometer scale, the performances and deformation behavior of metallic films are inevitable to be degraded by the impacts of heat, electricity and residual stress. [7] [8] [9] The importance to investigate the damage or failure behavior of film/substrate structure has stimulated a large number of researches and they have led to a deep understanding of microscopic evolutionary process of microstructures, which are responsible for their failure behaviors. [10] [11] [12] [13] Previous theoretical investigations pointed out that the failure in film/substrate structure was mainly caused by the mismatch of thermal expansion coefficient and elastic properties between bonded layers at the interface. [14] [15] [16] [17] However, few experimental studies were carried out to investigate the failure characteristics of metallic films/substrate with small size scale. This paper focuses on SEM in situ observation of the metallic films under three-point bending in order to reveal the failure mechanism of metallic film/substrate structure.
Experimental Procedure
Brass slices with 62% Cu in content (H62) were used for substrates in this work. The yield and tensile strength of the slices are approximately 120 MPa and 330 MPa, respectively. The slices were cut into substrates with rectangular shape of 25 Â 5 Â 0:5 (length Â width Â thickness, mm) for the film deposition. The surface of substrates was carefully polished with P1000, P1500, and P2000 papers in turn, then with diamond grinding pastes in prior to the teste. The polished substrates were cleaned by ultrasonic in acetone for 10 minutes and finally dried in air at room temperature.
Both Cu and Cu/Ni films were deposited at room temperature by magnetron sputtering. Wafers of copper and nickel with purity of 99.99% were used for sputtering targets, which is fixed in a vacuum chamber with base pressure of 4:5 Â 10 À4 Pa. The pressure of sputtering gas of argon was adjusted to 1.0-2.0 Pa, with gas flow rate at 20 sccm. The sputtering power is 80 W and 120 W for Cu and Ni, respectively. The rate of deposition for Cu is 1.1 nm/s, while for Ni is 0.4 nm/s. The thickness of each individual layer is estimated to approximately 1 mm by controlling of deposition time.
The structure of the Cu and Ni films were characterized by X-ray diffraction (XRD) using an Ultima III type diffractometer with Cu K radiation. Figure 1 shows the XRD curves of as-deposited films, which reveals their polycrystalline features. Based on Scherrer's formula:
where K ¼ 0:9, CuK ¼ 0:15418 nm, is the Bragg angle, and B is the full width at half maximum of diffraction peaks, the average grain sizes (D) for Cu and Ni films were calculated to be 11.96 nm and 17.35 nm, respectively. The mechanical properties of thin films are usually different from that of bulk materials because of the thickness respectively. * Corresponding author, E-mail: mengxk@nju.edu.cn effect in meso/micro scale. [18] [19] [20] For example, a Berkovich indenter of CSEM Ò Nanohardness was employed to test the Young's modulus of the present film/substrate structure. For films of Cu, Cu/Ni and bulk brass substrate, the Young's modulus is 105 GPa, 194.7 GPa and 110 GPa, respectively.
The SEM in situ observation tests were carried out in a vacuum chamber with servo-hydraulic testing system designed by Shimadzu, Japan. 15, 21, 22) The photograph of the equipment was shown in Fig. 2 . The load frame has a load capacity of 10 AE 1 kN, with displacement in range of AE25 mm, which there are high control accuracies of 0.1% shown values. The applied force-displacement curve can be recorded automatically. All in situ observation tests were controlled by the displacement with a rate of 10 À3 mm/s. The signal of the SEM image was transferred into a computer via a direct memory access of A/D converter, which can sample 960 Â 1280 frames of SEM images successively. The whole process of deformation, including crack initiation and propagation, was monitored or recorded by automatic or manual method. The span length in three-point bending tests is 20 mm and the indenter is in a round shape with radius of 2.5 mm, as shown in Fig. 3 . Figure 4 shows the typical wrinkling deformation characteristics of film/substrate structure at the tensile stress state, with slight neck observed in metal film layer. The wrinkle deformation and neck phenomena of thin metal films were ever simulated in some theory works, 23, 24) but they have never been reported in experimental studies. The observed position in Fig. 4 is near the interface between thin film and substrate where the stress and strain are sensitive to the processing of samples. The maximal tensile stress occurred at the surface of film because the thickness of thin film is relative less than that of substrate. When the curvature radius of the neutral axis (R), which can be accurately controlled by displacement sensor, is 264.5 mm under the applied stress of 116.0 MPa (which is defined as the stress in the substrate neighboring to the interface between the film and the substrate based on the elastic theory), the flexural stress in substrate is close to the yield strength of bulk substrate material. The interface (indicated by arrows) and the necking (induced by the non-uniform thickness) are shown in Fig. 4(a) . There are not any cracks near the interface. When the applied stress is increasing to 148 MPa as R decreasing to 30.5 mm, the rupture wrinkle can be observed clearly at the surface of Cu film, as shown in Fig. 4(b) . The rupture is thought to be caused by strain localization. The wave-line in Fig. 4(b) corresponds to the wrinkle in the SEM image, with arrows indicated. The crack initiation is not observed either at the interface or in the substrate in experiments. This indicates that the interface is well-bonded, which lets surface wrinkle being the dominant failure mechanism.
Results and Discussion
In the case of three-point bending, the bending flexivity can be expressed as: 15, 25) ¼ Fl 
where F is the applied loading (N), I is the inertial moment, l is the span (mm); G s and v s are the shear modulus and Poisson's ratio of the substrate, respectively. A is the area of cross-section for substrate (mm 2 ), b is the width of the specimen (mm), c is the thickness of the substrate (mm), t is the thickness of the film (mm), so d ¼ c þ t % c due to c ) t.
The wrinkle stress of film ( f w ) at the film/substrate interface can be expressed as:
where k is the parameter depend on the structure and size of the specimen, for monolayer structure, k ¼ $ 0:0014, for multilayer structure, k ¼ $ 0:0009, E f and E s are Young's modulus for the film and the substrate, respectively (see in Appendix). Although equation (6) is just an estimated equation for the failure of the sandwich structure, it may be suitable for thin film/substrate system when the stress/strain state near interface is only considered. Therefore, the wrinkle stress ( f w ) of Cu and Cu/Ni films can be estimated to be 153.0 MPa and 119.7 MPa based on the eq. (6), respectively. In fact, the estimated values agree well with that from experimental results based on the flexivity and stress according to general elastic theory. Figure 5 shows the failure of Cu/Ni films, in which the interface between Ni and Cu layers is not resolved. In comparison with monolayer film/substrate structure, the films in multilayer film/substrate structure are peeled from the substrate when R is 173.2 mm under the applied stress about 130.0 MPa. At such a yield stress, wrinkles don't occur either in films or in substrate. The interfacial failure results from the plastic deformation of substrate and the bad interface bonding.
The crack in Cu monolayer is shown in Fig. 6 . When the applied stress is larger than 162.0 MPa (R ¼ 50:0 mm), the wrinkled phenomenon occurs and crack initiates in the film near the peak of wrinkle of thin film. The breakage is observed at the bottom of the wrinkle and no crack is found in the substrate. This means that the original point of crack initiation is independent on the waveform of wrinkle. The fractured film is stripped because of rapid propagation of the crack. The failure in this case is with the mechanism of crack or delaminating, under the condition of plastic deformation of the substrate.
Based on the present in situ observations with SEM, the failure mechanisms for the film/substrate can be proposed as wrinkling-delaminating-cracking, which strongly depends on the stress state and the processing technique. Especially, delaminating and cracking are evidently and strongly depended on the fabrication technique. Wrinkling of thin film/substrate structure occurs at the surface film when ! s y , while delaminating or cracking of thin film/substrate structure occurs at the interface between the film and substrate not at interface of film/film when ! f w .
Conclusions
In summary, Cu and Cu/Ni films were deposited on brass substrates, and studied by SEM in situ observation under three-point bending. The failure mechanisms of wrinklingdelaminating-cracking in the film/substrate structure were suggested interacting. And the deformation of substrate also has great influence on the failure mechanism. Once the substrate yields, the resistance of interfacial adhesion becomes an important factor in determining the mechanism of failure. f ¼ ME f ðEIÞ eq y; s ¼ ME s ðEIÞ eq y; ðA : 1Þ
where M denotes the bending moment and y is the distance from a point in the section to the center axis. Thus, M can be expressed as:
where F fy is the maximal loading of the applied force. t, c is the thickness of film and substrate, respectively. The relationship between Young's modulus and the density for the different materials is: Thus, the wrinkle stress of film ( f w ) at the film/substrate interface can be expressed as eq. (6) .
All the parameters appeared in equations can be presented schematically in Fig. A·1 .
